1 AUGUST 2018 JIANG ET AL. 6209

Intraseasonal Tropical Cyclogenesis Prediction in a Global Coupled
Model System

XIANAN JIANG,*® BAOQIANG XIANG,d MING ZHAO,® TIM LL°® SHIAN-JIANN LIN,°
ZHUO WANG, AND JAN-HUEY CHEN®Y

@ Joint Institute for Regional Earth System Science and Engineering, University of California, Los Angeles,
Los Angeles, California
® Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California
¢ NOAA/Geophysical Fluid Dynamics Laboratory, Princeton University, Princeton, New Jersey
4 University Corporation for Atmospheric Research, Boulder, Colorado
¢ Department of Atmospheric Sciences, University of Hawai‘i at Manoa, Honolulu, Hawaii
EUniversity of Illinois at Urbana—Champaign, Urbana, Illinois

(Manuscript received 7 July 2017, in final form 10 April 2018)

ABSTRACT

Motivated by increasing demand in the community for intraseasonal predictions of weather extremes, predictive
skill of tropical cyclogenesis is investigated in this study based on a global coupled model system. Limited
intraseasonal cyclogenesis prediction skill with a high false alarm rate is found when averaged over about 600
tropical cyclones (TCs) over global oceans from 2003 to 2013, particularly over the North Atlantic (NA). Rela-
tively skillful genesis predictions with more than 1-week lead time are only evident for about 10% of the total TCs.
Further analyses suggest that TCs with relatively higher genesis skill are closely associated with the Madden—
Julian oscillation (MJO) and tropical synoptic waves, with their geneses strongly phase-locked to the convectively
active region of the MJO and low-level cyclonic vorticity associated with synoptic-scale waves. Moreover, higher
cyclogenesis prediction skill is found for TCs that formed during the enhanced periods of strong MJO episodes
than those during weak or suppressed MJO periods. All these results confirm the critical role of the MJO and
tropical synoptic waves for intraseasonal prediction of TC activity. Tropical cyclogenesis prediction skill in this
coupled model is found to be closely associated with model predictability of several large-scale dynamical and
thermodynamical fields. Particularly over the NA, higher predictability of low-level relative vorticity, midlevel
humidity, and vertical zonal wind shear is evident along a tropical belt from the West Africa coast to the Caribbean
Sea, in accord with more predictable cyclogenesis over this region. Over the extratropical NA, large-scale variables
exhibit less predictability due to influences of extratropical systems, leading to poor cyclogenesis predictive skill.

1. Introduction forecasts are usually realized by integrating high-resolution,
in many cases limited-area, dynamical models with so-
phisticated data assimilation systems that focus great ef-
fort on deriving an accurate characterization of the initial
condition and its uncertainty. On the other hand, pre-
dictability of seasonal TC forecasts largely relies on slowly
varying large-scale elements, such as the sea surface tem-
perature (SST; e.g., Gray 1984; Goldenberg and Shapiro
1996). For TC prediction on the intraseasonal time scale,
the Madden—Julian oscillation (MJO; Madden and Julian
1994) is generally considered one of the primary predict-
ability sources,' based on widely reported modulations of

As one of the most disastrous extreme weather systems,
tropical cyclones (TCs) pose great threats to human
life and property. Improving prediction of TC activity,
therefore, has profound socioeconomic impacts. While
short-range forecasts (up to one week) and seasonal out-
looks of TC activity have been routinely issued by opera-
tional forecast centers and institutes, predictions of TCs on
intraseasonal time scales (from one week to several weeks)
have not been well developed, largely due to under-
exploited predictability sources for TC prediction on this
intermediate time scale. For short-range TC forecasts,
the skill is essentially from the initial conditions, and

! In this study, the term MJO is used to represent not only the equato-
rially trapped eastward propagating intraseasonal variability (ISV) mode,
Corresponding author: Dr. Xianan Jiang, xianan@ucla.edu but also the meridionally migrating monsoonal ISV during boreal summer.
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TC activity by the MJO over global oceans (e.g.,
Liebmann et al. 1994; Maloney and Hartmann 2000a;
Dickinson and Molinari 2002; Bessafi and Wheeler 2006;
Fu et al. 2007; Klotzbach 2010; Ventrice et al. 2011; Li and
Zhou 2013; Ventrice et al. 2012; Jiang et al. 2012b; Zhao
et al. 2015). Additionally, SST and convectively coupled
equatorial waves (CCEWs) could also provide partial
predictability for TC activity (e.g., Frank and Roundy
2006; Dunkerton et al. 2009; Vitart 2010; Chen and
Chou 2014).

While significant progress over the past decades has
been made in understanding the fundamental physics of
the MJO (e.g., Zhang 2005; Lau and Waliser 2012),
achieving credible MJO simulations in general circulation
models (GCMs) has been challenging even in their latest
generations (e.g., Jiang et al. 2012b, 2013; Hung et al. 2013;
Jiang et al. 2015; Neena et al. 2017; Jiang 2017; Ahn et al.
2017). Until the last decade, useful predictive skill of
the MJO had generally been limited to only 1-2 weeks
(Hendon et al. 2000; Vitart et al. 2007; Lin et al. 2008;
Agudelo et al. 2009), with statistical models often out-
performing dynamical models (e.g., Jones et al. 2004; Seo
et al. 2005; Waliser 20006; Jiang et al. 2008). As a result,
limited previous efforts in exploring prediction skill of in-
traseasonal TC activity were mainly based on statistical
approaches (e.g., Frank and Roundy 2006; Leroy and
Wheeler 2008; Vitart et al. 2010; Slade and Maloney 2013).

In recent years, the improvements in model physics,
spatial resolution, and data assimilation systems have
led to significant increases in the predictive skill of the
MJO to 2-4 weeks (Bechtold et al. 2008; Vitart and
Molteni 2010; Rashid et al. 2011; Waliser 2012; Wang
et al. 2014; Neena et al. 2014b; Lee et al. 2015; Xiang
et al. 2015a). Meanwhile, the capability of adopting
global high-resolution grids in several models—including
the European Center for Medium-Range Weather
Forecasts (ECMWF) Integrated Forecast System (EC-
IFS) and the NOAA Geophysical Fluid Dynamics Lab-
oratory (GFDL) High Resolution Atmospheric Model
(HiIRAM)—makes it possible to explicitly resolve TC
formation in these models (e.g., Van der Grijn et al. 2004;
Zhao et al. 2009). Particularly, these “TC permitting”
global models are able to represent modulation of TC
activity by the MJO as in the observations (e.g., Vitart
2009; Jiang et al. 2012b).

Inspired by these encouraging modeling achieve-
ments, recently there has been increasing enthusiasm in
the community in exploring dynamical intraseasonal TC
predictability (e.g., Vitart et al. 2010; Elsberry et al.
2010; Belanger et al. 2010; Gall et al. 2011; Belanger
et al. 2012; Elsberry et al. 2014; Xiang et al. 2015b;
Lee et al. 2018; Wang et al. 2018), with many of them
based on the EC-IFS hindcasts. It has been shown that
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predictions from the EC-IFS can provide useful guid-
ance on intraseasonal prediction of TC genesis and
movement, particularly over the western Pacific (e.g.,
Elsberry et al. 2010; Belanger et al. 2010; Tsai et al. 2013).
By analyzing predictions over the Atlantic Ocean from
EC-IFS during 2008 and 2009, it was shown that the pre-
dictability of TC activity is sensitive to the phase and in-
tensity of the MJO at the forecast initial time (Belanger
et al. 2010), suggesting an important role of the MJO for
intraseasonal TC predictions. Additionally, Vitart et al.
(2010) illustrated more skillful dynamical predictions by
EC-IFS for the first two weeks of prediction of weekly TC
activity over the southern Indian Ocean than a statistical
model by Leroy and Wheeler (2008).

By analyzing the NOAA Global Ensemble Forecasting
System (GEFS) reforecasts, a recent study by Wang et al.
(2018) investigated the predictability of cyclogenesis over
the North Atlantic (NA) under different synoptic flow
regimes or tropical cyclogenesis pathways. By employing
two metrics characterizing the low-level baroclinicity
and upper-level forcing of the environmental state for TC
development, five tropical cyclogenesis pathways were
categorized by McTaggart-Cowan et al. (2013), including
nonbaroclinic (NBC), low-level baroclinic (LBC), trough-
induced, weak, and strong tropical-transition pathways
[see McTaggart-Cowan et al. (2013) and Wang et al.
(2018) for details]. It was suggested that TC genesis
associated with purely tropical pathways (e.g., NBC and
LBC) is more predictable, whereas lower predictability
of cyclogenesis is found over the extratropical NA, where
the tropical-transition pathways prevail due to influences
by extratropical processes (Wang et al. 2018), in accord
with previous findings from several other studies (e.g.,
Elsberry et al. 2014; Komaromi and Majumdar 2014; Davis
et al. 2016).

Based on a recently updated version of the GFDL
coupled climate model system at a 50-km horizontal
resolution, predictability of TC genesis was explored in
Xiang et al. (2015b) with a case study on two destructive
landfalling TCs, Atlantic Hurricane Sandy (2012) and
the western Pacific Supertyphoon Haiyan (2013). It was
found that geneses of these two TCs are highly predictable
with a lead time of about 11 days, which benefited from
the model’s skillful prediction of the MJO and tropical
easterly waves (Xiang et al. 2015a,b).

Because the study of Xiang et al. (2015b) only focused
on two tropical cyclogenesis events, questions remain:
How predictable is tropical cyclogenesis in general be-
yond the weather time scale? What are the main factors
associated with the intraseasonal predictability of tropical
cyclogenesis? In this study, we extend the analyses of
Xiang et al. (2015b) by examining tropical cyclogenesis
prediction for more than 600 TCs during 11 years from
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2003 to 2013 based on the new GFDL coupled forecast
system. A specific focus is to explore the common char-
acteristics of TCs that are more predictable in their gen-
eses on the intraseasonal time scale. Note that because of
the relatively coarse resolution (50km), the lack of a so-
phisticated assimilation system to generate the initial
conditions, and a simple ensemble scheme used in this
forecast system, it is not our intention to emphasize the
model prediction skill of tropical cyclogenesis in the first
several days of forecasts and to compare this coupled
prediction system to current operational weather fore-
casting systems. The structure of this manuscript is as
follows. The recently developed GFDL coupled model,
hindcast schemes, and observational datasets are described
in section 2. In section 3, predictive skill of tropical cyclo-
genesis during the 11 years is assessed and possible factors
responsible for relatively higher cyclogenesis prediction
skill are discussed. A summary of the main findings from
this study and a brief discussion are presented in section 4.

2. Methods

a. The new GFDL coupled model system and
hindcast schemes

In this study, hindcasts are conducted by using a re-
cently updated version of the GFDL coupled model, the
same as the one used in Xiang et al. (2015a,b). This
model is based on the Forecast-Oriented Low Ocean
Resolution (FLOR) version of the GFDL model
(Vecchi et al. 2014) but with a new convection scheme
that is referred to as a double-plume convection (DPC)
scheme (Zhao et al. 2018). The DPC scheme is mainly
modified based on the University of Washington shallow
cumulus scheme (Bretherton et al. 2004) used in GFDL
HiRAM (Zhao et al. 2009), with a major update by in-
troducing an additional bulk plume to represent both
deep and shallow convection. The atmospheric model
has a roughly 50-km horizontal grid spacing and 32
vertical levels using a cubed-sphere finite-volume dy-
namic core (Putman and Lin 2007). The horizontal res-
olution for the ocean model is about 1° with 50 vertical
levels (10-m resolution in the upper 100 m).

The initial conditions for atmosphere and ocean were
obtained through a nudging approach toward observa-
tions following Zhang et al. (2014), and used by Xiang
et al. (2015a,b). The atmospheric nudging fields include
winds, temperature, geopotential height, and surface
pressure from National Centers for Environmental
Prediction (NCEP) Global Forecast System analysis
data. The model SST is nudged to daily high-resolution
NOAA Optimum Interpolation SST Analysis (OISST
v2; Reynolds et al. 2007). Before nudging, the coupled
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system was first spun up for 300 years to allow the ocean
(particularly the upper ocean) to fully adjust. Nudging is
then conducted starting from January 2002 with time
intervals of 6-hourly for atmospheric variables and daily
for SST, and hourly outputs were archived to create the
initial conditions for hindcast experiments. Hindcasts
were conducted every 5 days (the 1st, 6th, 11th, 16th,
21st, and 26th of the month) for each month from June
to October during the 11 years from 2003 to 2013. For
hindcasts initialized on each day, a series of 50-day free in-
tegrations with initial conditions from successively two hours
apart (i.e., at 0000, 0200, 0400, ... , 2000, and 2200 UTC)
constitute 12 ensemble members for the hindcast on that
particular day. A total of 3960 hindcasts (11 years X
5 months X 6 days X 12 members) were produced during
the 11 summer seasons.

Note that we fully realize the limitation of this prediction
system by employing a nudging approach in generating
initial conditions rather than using a sophisticated assimi-
lation system and also a simple scheme in constructing
ensemble members by slightly shifting the initialization
time instead of a perturbation scheme accounting for un-
certainties in initial conditions and model physics (e.g.,
Molteni et al. 1996; Toth and Kalnay 1997). Considering
the outstanding MJO predictive skill by this coupled pre-
diction system (Xiang et al. 2015a), one of the main focuses
of this study is to investigate how predictability of intra-
seasonal TC genesis can be achieved given model’s ca-
pability in depicting large-scale forcing associated with
the MJO.

To detect TCs in model hindcasts, a tracking method is
adopted by using the 6-hourly instantaneous sea level
pressure (SLP), 850-hPa vorticity, and upper-tropospheric
(300500 hPa) temperature following Harris et al. (2016).
First, cyclone centers are identified by minima in SLP fields
of depression at least of 2hPa compared with their sur-
roundings. Further criteria of a warm core structure with
300-500-hPa temperature at least 2°C warmer from the
surrounding local mean and a maximum 850-hPa cyclonic
vorticity of at least 1.5 X 10~ *s™! (negative in Southern
Hemisphere) over cyclone centers are applied to filter out
weak or disorganized systems. The location of the TC
center is then fine-tuned by fitting a biquadratic to the SLP
field and placing the center at its minimum. The identified
TCs also need to meet the criterion of a minimum lifetime
of 72h. Details of the cyclone tracking approach can be
found in Harris et al. (2016). Sensitivity tests show that
results based on this approach are largely similar to those
by using other tracking schemes (e.g., Zhao et al. 2009).

b. Observational dataset

The observational TC data are from the International
Best Track Archive for Climate Stewardship (IBTrACS,
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FIG. 1. Genesis locations of global tropical cyclones during boreal summer (June-November)
from 2003 to 2013.

version v03r06; Knapp et al. 2010), which provides ob-
servations of 6-hourly TC location and maximum wind
speed. To identify large-scale signals associated with the
local MJO and tropical synoptic waves in each ocean
basin, daily TRMM-based rainfall observations (version
3B42 v7; Huffman et al. 2007) and 850-hPa vorticity
from the ECMWF ERA-Interim reanalysis (Dee et al.
2011) for the same period of 2003-13 are analyzed.
Additionally, a global MJO index [i.e., the real-time
multivariate MJO (RMM) index following Wheeler and
Hendon (2004)] is also used to examine general re-
lationship between the MJO and TC genesis over global
oceans in both observations and model hindcasts.

3. Results

In this study, cyclogenesis is defined at the time when
the cyclone reaches tropical storm status [with wind
speed = 17.5ms ! in observations and =152ms ' in
model hindcasts following Zhao et al. (2009) and Xiang
et al. (2015b)]. Note that the wind speed threshold for
model tropical storms was adjusted based on the model
resolution (Walsh et al. 2007), which leads to more
comparable global tropical storm counts to the observed
(Zhao et al. 2009; Xiang et al. 2015b). Figure 1 shows
genesis locations of the observed 657 TCs? during the 11
summers from 2003 to 2013 over global oceans, which
are largely clustered over the western Pacific (WP)
and eastern Pacific (EP), with more spread over the
North Atlantic and also a few genesis events over the
Indian Ocean.

a. Climatology of tropical cyclogenesis in model
hindcasts

First we examine how the observed climatological
distribution of TC genesis probability is represented
in model hindcasts. For this purpose, following the

% Hereafter, the term TC is used to specifically represent tropical
cyclone with minimum intensity at the tropical storm category.
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approach by Belanger et al. (2010), daily gridded global
TC genesis probability patterns are first constructed on
1° X 1° grids for both observations and model hindcasts.
For hindcasts, daily genesis probability is determined by
the percentage of the number of ensemble members out
of the total 12 members that detect TC formation within
2.5° of each grid point on that particular day. For ob-
servations, gridded daily genesis probability on a par-
ticular grid is specified as 1 or 0 if TC genesis was
observed or not observed within 2.5° of that grid. Then
global gridded climatological genesis probability in
hindcasts (Fig. 2b) can be derived by averaging daily
patterns from hindcasts up to two weeks (14 days)
initialized on each day during the 11 years. For a fair
comparison, the observed climatological genesis proba-
bility pattern (Fig. 2a) is also calculated by averaging daily
patterns over the same days as for the hindcasts.

Consistent with TC genesis locations for the 11-yr
period shown in Fig. 1, the core TC genesis regions are
observed over off-equatorial warm SST regions in both
the WP and EP (Fig. 2a). Over the NA, while active TC
genesis is largely observed over the main development
region (MDR) off the West Africa coast, the Caribbean
Sea, and the Gulf of Mexico, a widespread TC genesis is
evident over the broad NA basin, including the sub-
tropical western NA. The observed climatological TC
genesis probability is generally well captured in hind-
casts (Fig. 2b), although the model slightly underesti-
mates genesis probability over the WP, EP, and
subtropical NA, while it overestimates the probability
over the north Indian Ocean. Over the eastern NA,
hindcasts largely capture cyclogenesis near the Cape
Verde islands, whereas they underestimate TC forma-
tion farther downstream. A similar model bias in tropi-
cal cyclogenesis over the tropical eastern NA is also
evident in predictions based on the NCEP GEFS (Li
et al. 2016). Because of the relatively small numbers of
cyclogenesis over the Indian Ocean as well as very dif-
ferent seasonal variations of TC activity in this area, in
the following we mainly confine our analyses to TC
genesis over the WP, EP, and NA.
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FIG. 2. Climatological cyclogenesis probability distribution based on (a) observations and
(b) hindcasts from the coupled GFDL model system with leads from 1 to 14 days. Units are TC
genesis counts during a boreal summer season (June-November).

b. Tropical cyclogenesis predictive skill

Next, the predictive skill of cyclogenesis for the 594
TCs over the WP, EP, and NA during the 11 summers is
assessed following the same approach used by Xiang
et al. (2015b). For each observed TC genesis, a suc-
cessful cyclogenesis prediction is counted if the pre-
dicted genesis occurs within 2 days of the observed
genesis time and 8° of the observed location.? Prediction
skill of the observed TC genesis at a certain forecast lead
time is then defined as the percentage of the number of
ensemble members out of the total 12 that make the
correct forecasts. Averaged genesis prediction skill as a
function of forecast lead days for all the 594 TCs as well
as for TCs at each ocean basin is shown by bar graphs in
Fig. 3. Since hindcasts are initialized using a simple
nudging approach rather than a sophisticated assimila-
tion system as in the operational forecast systems, an
adjustment of initial conditions to model physics is un-
avoidable. As a result, the predictive skill is relatively

3 Note that TC genesis prediction skill can be affected by this
threshold. While it is largely comparable to those used in other
studies (e.g., Halperin et al. 2013, 2016; Wang et al. 2018), this
threshold follows that by Xiang et al. (2015b) in quantifying genesis
prediction skill for Hurricane Sandy and Supertyphoon Haiyan, so
that general TC genesis prediction skill presented in this study can
be compared to that for Sandy and Haiyan previously reported.
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low in the first one or two days of forecasts, and the
average cyclogenesis skill over the three basins peaks on
day 3 with skill of about 30% (Fig. 3a). This predictive
skill is much lower than that of Sandy and Haiyan as
reported by Xiang et al. (2015b), both of which exhibit
genesis skill of 50% up to the 11-day forecast lead.
Comparison of predictive skill over different ocean ba-
sins (Figs. 3b—d) suggests that cyclogenesis prediction
over the WP and EP is slightly more skillful than that
over the NA, in agreement with lower predictability of
TC activity over the NA than in the WP as previously
reported based on EC-IFS ensemble forecasts (Elsberry
et al. 2014). Also worth noting is that relatively higher
TC genesis skill is found during October than other
months (figure not shown); the reason for this remains
unclear.

The false alarm rate (FAR) of predicted geneses as a
function of forecast lead is further examined. For each
individual ensemble member forecast, if cyclogenesis is
identified on a particular day, but there is no TC genesis
observed within 2 days and 8° of the forecasted TC
genesis time and location, this forecast is counted as a
false alarm and flagged with a value of 1. Note that false
alarm calculations on forecast lead days 1 and 2 are
adjusted as a result of many well-developed TCs present
on forecast initialization days in the observations but
captured as new geneses in model hindcasts. Therefore,
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FIG. 3. Bar graphs indicate cyclogenesis predictive skill as a function of forecast lead days for TCs over (a) the EP, WP, and NA
combined and the (b) WP, (c) EP, and (d) NA separately. The green dots are similar to the bar graphs, but for genesis skill for TCs formed
over tropical regions of the three ocean basins, defined as tropical WP (110°~170°E, 5°-25°N), tropical EP (130°-80°W, 5°~18°N), and

tropical NA (80°-20°W, 5°-18°N).

these predictions are excluded from the false alarm ca-
ses when the model predicts TC genesis on forecast days
1 and 2, and a TC is observed within 8° and 2 days of the
predicted TC genesis, regardless of whether the ob-
served TC is a new genesis or already developed.

The FAR as a function of forecast lead can then be
derived by the sum of false alarm flags normalized by the
total numbers of individual forecasts (Fig. 4). Since the
validation is conducted based on each individual mem-
ber forecast, Fig. 4 illustrates that the FARs quickly
increase with forecast leads in all three ocean basins. For
example, over the WP (blue) and EP (red), a FAR of
about 20% is found in 2-day forecasts, and then it
quickly increases to about 60%-70% on day 7. It is also
suggested by Fig. 4 that there are relatively smaller
FARs for cyclogenesis in the WP and EP than in the NA
in general. The FAR for predictions over the NA
quickly reaches about 60%-70% on day 4 and steadily
increases with forecast leads. This result further in-
dicates relatively lower predictability of cyclogenesis
over the NA. It is worth noting that a high FAR of about
70%-80% within 1-week lead time for TC genesis pre-
dictions over the NA is also found in the NCEP GEFS
(Wang et al. 2018).
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Since genesis predictive skill averaged over the global
TCs as suggested by Fig. 3 is much lower than that for
Sandy and Haiyan as reported in Xiang et al. (2015b),
this then brings up a question of whether there are
common features for TCs for which genesis is more
predictable based on this coupled forecast system. In
light of the predictive skill of Sandy and Haiyan as pre-
viously reported (e.g., about 50% at forecast lead day 11),
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FIG. 4. FARs of tropical cyclogenesis predictions over the WP,

EP, and NA. Please refer to the text for details of the definition
of FAR.
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FIG. 5. (a) Genesis locations of TCs that exhibit higher predictive skill based on the GFDL
coupled model system. TCs with a green color denote those where predictive skill is above
65% in forecasts during the first week, and those with a blue color denote TCs that show
a predictive skill greater than 50% during the week-2 forecasts. Shaded contours denote
standard deviations of 20-70-day filtered daily summer rainfall anomalies (mm day ).
(b) Averaged cyclogenesis skill based on the selected more predictable TCs as shown in (a).

TCs with relatively higher genesis skill are then identified
by applying a criterion that genesis predictive skill is
above 65% in any prediction during the first week or
above 50% during the second week.* Figure 5a illustrates
genesis locations of TCs with relatively higher skill (174
out of total 597 TCs), with 119 of them identified by good
skill in forecasts during week 1 (green dots), 30 TCs
identified by good skill in both week 1 and week 2, and the
remaining 25 TCs identified by good skill of above 50% in
week-2 forecasts. The 55 TCs that exhibit high genesis
skill in week-2 forecasts are denoted by blue dots in
Fig. 5a. Over the WP and EP, it is clearly evident that TCs
with higher genesis predictive skill are largely formed
over the core warm SST regions to the north of the
equator, collocated with the local monsoon trough over

“Total TC counts with relatively high genesis skill could be un-
derestimated due to limited forecast sampling. There is a maximum
of two predictions during each week for one particular observed
TC since hindcasts were initialized every five days.
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the WP and the intertropical convergence zone (ITCZ)
over the EP. These regions are also characterized by
vigorous activity of the MJO as indicated by the shaded
contours in Fig. 5a, which denotes standard deviations of
20-70-day filtered daily summer rainfall anomalies, and
tropical synoptic waves (not shown, but with largely
similar distribution as the MJO activity over the WP
and EP).

In the NA, the more predictable TC geneses spread
over an elongated belt from the West African coast to
the Caribbean Sea, generally collocated with the path-
way of the African easterly waves (EWs), indicating that
dynamical forcing associated with the EWs may provide
predictability of TC formation over the NA. Also
noteworthy is that model hindcasts largely exhibit lim-
ited cyclogenesis skill over the Gulf of Mexico and to the
north of the Bahamas (cf. Fig. 5a and Fig. 1), where TCs
are more susceptible to influences by extratropical sys-
tems. Since TCs forming over the Gulf of Mexico and
the north of Bahamas make up a significant portion of
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the total TCs over the NA, this explains that the average
genesis prediction skill over the NA is much lower than
that over the WP and EP as shown in Fig. 3. Lower cy-
clogenesis skill over the NA also could be related to
model biases in predicting TC genesis over this region
(Fig. 2b), for example, by overpredicting TC genesis
near the Cape Verde islands while underpredicting
genesis over the subtropical western NA, as also found
in the NCEP GEFS (Li et al. 2016).

Figure 5b further illustrates the genesis predictive skill
averaged over the above selected 174 TCs, and shows
maximum skill of 80% at day 3 and skill of 50% per-
sisting to the end of the first week. Some skill, although
limited, can still be evident during week 2. Note that
among these 179 TCs, 55 of them (blue dots in Fig. 5a)
exhibit skill into week 2, including Sandy (2012) and
Haiyan (2013) as previously reported in Xiang et al.
(2015b). These results thus suggest that the about 11-day
prediction skill for Sandy and Haiyan as reported in
Xiang et al. (2015b) tend to be exceptionally higher than
that for most TCs based on this prediction system.

c. Impacts of the MJO and synoptic waves on TC
genesis prediction skill

The higher cyclogenesis prediction skill over the
tropical oceans as shown in Fig. 5a indicates that large-
scale forcing associated with tropical waves, such as the
MJO and CCEWs, could play a critical role for TC
genesis. This is further confirmed by relatively higher
genesis prediction skill in general over tropical oceans as
illustrated by the green dots in Fig. 3, especially over the
NA (see Fig. 3 caption for definition of tropical region
for each ocean basin). This notion is in concert with the
recent study by Wang et al. (2018), which also suggests
more predictable TC genesis over the NA under purely
tropical pathways based on NCEP GEFS hindcasts. In a
case study of TC prediction over the NA during 2012
based on EC-IFS forecasts, Elsberry et al. (2014) also
found that more predictable TCs are generally associ-
ated with the African EWs.

Motivated by the above results, we proceed to further
explore how influences from the MJO and tropical
synoptic waves may affect TC genesis predictive skill.
While it has been suggested that different CCEWs can
play roles in regulating cyclogenesis (e.g., Dickinson and
Molinari 2002; Frank and Roundy 2006; Kiladis et al.
2009; Chen and Chou 2014), in the following analyses we
mainly focus on modulation of cyclogenesis by tropical
depression-type waves (TDWs; Lau and Lau 1990;
Sobel and Bretherton 1999; Li et al. 2003; Li 2006, 2012;
Zhao et al. 2016) over the WP and EWs (Lau and Lau
1990; Dunkerton et al. 2009; Wang et al. 2010) over the
EP and NA.
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First, to examine how the observed MJO modulations
of TC genesis are represented in model hindcasts, Fig. 6
presents spatial patterns of global tropical cyclogen-
esis probability anomalies during different MJO phases
in both observations and model hindcasts during
the first two weeks. Here, definition of the eight MJO
phases is based on the observed global Wheeler—
Hendon MJO RMM indices. Consistent with pre-
vious reports on skillful MJO prediction in this model
(Xiang et al. 2015a), and also the capability in depicting
MJO influences on TC genesis in climate simulations
from an earlier version of this model (Jiang et al.
2012a), the observed influences of the MJO on global
TC genesis (left panels, Fig. 6) are well represented
in hindcasts (right panels, Fig. 6), particularly over the
WP and EP. For example, the largely enhanced TC
geneses over the WP during MJO phases 4-7, and over
the EP during MJO phases 6-8 and 1, are relatively
well captured in hindcasts, although some differences
are also noted between the observations and hindcasts.
For example, the north—south dipole pattern of genesis
probability anomalies over the EP during MJO phases
6-7 is not well captured in hindcasts. Also, over the
NA, rather weak modulation of cyclogenesis by the
MIJO is noted in the observations, while systematic
MJO impacts on TC genesis tend to be evident in hind-
casts. The difference between model and hindcasts
could be partially associated with model deficiencies
in capturing the MJO mode or due to the limitation of
the global RMM MJO index itself in representing the
regional boreal summer MJO modes over different
ocean basins (e.g., Lee et al. 2013; Neena et al. 2014a). In
the following, to achieve a more accurate depiction of
the relationship between the boreal summer MJO and
tropical cyclogenesis, the dominant intraseasonal vari-
ability (ISV) modes over different ocean basins are de-
rived separately based on local rainfall data rather
than using the global RMM MJO index. While these
regional intraseasonal variability modes during boreal
summer over various ocean basins could be independent
from the equatorial eastward propagating MJO mode,
we use the term “MJO” to represent the general tropical
intraseasonal variability in the following discussion for
convenience.

Following Jiang et al. (2012a, 2014), the leading
MIJO modes over the WP and EP are identified by the
extended empirical orthogonal function (EEOF) ana-
lyses (Weare and Nasstrom 1982) of daily 10-70-day
bandpass-filtered TRMM rainfall anomalies from 2003
to 2013 over the WP (60°-160°E, 15°S-25°N) and
EP (140°-90°W, 0°-30°N) with a time lag of 31 days.
Principal components (PCs) associated with the two
leading quadratic EEOF modes, representing the
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FIG. 6. Composite TC genesis probability anomalies as a function of MJO phases in (left) observations and (right) model hindcasts for
the period of June-November 2003-13. The anomalies are computed relative to the 2003-13 climatology as shown in Fig. 2. MJO phases
here are defined using the observed global Wheeler-Hendon MJO index. Units are TC genesis counts during a boreal summer season

(June-November).

corresponding local MJO mode of each ocean basin,
are then used to determine daily MJO amplitudes and
phases (ranging from 1 to 8). Strong MJO days can be
defined by daily two leading PCs with \/PC} + PC3 = 1.
Composite anomalous rainfall patterns during each
MJO phase can also be derived by averaging the
10-70-day filtered rainfall anomalies for each MJO
phase. Since the leading ISV mode over the NA during
the boreal summer is a quasi-biweekly (QBW) mode
associated with the West Africa monsoon variability
(e.g., Mounier and Janicot 2004; Mounier et al. 2008;
Serra et al. 2014), a domain of 30°W-30°E, 10°S-30°N
over the eastern NA is used for the EEOF analysis
of rainfall anomalies to define phases of the leading
ISV mode over the NA. Meanwhile, using an ap-
proach similar to that in Lau and Lau (1990) and Zhao
et al. (2016), leading modes associated with the TDW
or EW and their daily phases can be derived by EEOF
of 2-8-day bandpass-filtered 850-hPa relative vorticity
over the WP (100°-170°E, 5°S-30°N), EP (140°-80°W,
0°-30°N), and NA (90°W-20°E, 5°S-30°N) with a time
lag of 11 days.
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Figure 7a illustrates anomalous rainfall patterns during
different phases of the boreal summer MJO mode over
the Asian monsoon region, along with genesis locations of
the previously identified more predictable TCs over the
WP. The phase lock of these TC geneses to local MJO
conditions is clearly evident. A majority of these more
predictable TCs tend to form within the enhanced MJO
convection or on its northern edge during phases 4 + 5
and 6 + 7. These TC geneses could be promoted by en-
hanced midlevel moisture over the MJO convective re-
gion and strengthening of monsoon trough associated
with the slightly northward shifted low-level cyclonic
vorticity relative to the convection (e.g., Jiang et al. 2004;
Hsu et al. 2004; Camargo et al. 2009; Mao and Wu 2010;
Huang et al. 2011; Li and Zhou 2013; Cao et al. 2014).
The strong phase dependence of TC genesis on the MJO
is further evident in Fig. 7e. About 91% of these more
predictable TC geneses over the WP occurred during
periods with strong MJO events, and 72% of them oc-
curred during MJO phases from 4 to 6.

The more predictable TC geneses over the WP during
weak or suppressed MJO conditions indicated by Fig. 7d
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FIG. 7. (a)—(d) Genesis of the more predictable TCs over the WP from 2003 to 2013 during different local MJO
phases. Shading represents the observed anomalous rainfall pattern (mmday ') during each MJO phase.
(e) Counts of more predictable TC genesis over the WP as a function of MJO phases under both strong and weak
MJO periods. MJO phases shown here are defined based on PCs of the two leading EEOF modes of 10-70-day

filtered rainfall over the WP for summers of 2003-13.

could be associated with other large-scale factors, in-
cluding modulations from synoptic waves. Figure 8 dem-
onstrates an example of how these more predictable TCs
over the WP are related to cyclonic phases of local
TDWs. It is clearly evident that most of these TCs
(~78%) formed over regions with low-level cyclonic
vorticity anomalies along the southeast-northwestward
slanted TDW wave trains, in agreement with previous
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studies on important roles of synoptic waves for TC
genesis (e.g., Li and Fu 2006; Chen and Huang 2009;
Chen and Chou 2014).

Similarly, a close association between cyclogenesis of
the more predictable TCs over the EP and local MJO is
also clearly indicated by Fig. 9. These TC geneses are
strongly phase-locked to the EP MJO phases, with 87%
of them being formed during MJO phases 3-6, in accord
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FIG. 8. Locations of more predictable TC geneses over the WP from 2003 to 2013 during different phases of the
TDWs over the WP. Shading represents the observed 850-hPa relative vorticity anomalies (10 °s™!) at different
TDW phases. TDW phases shown here are defined based on PCs of the two leading EEOF modes of 2-8-day
filtered 850-hPa vorticity over the WP for summers of 2003-13.

with previous analyses by Jiang et al. (2012a). Jiang et al.
(2012a) illustrated that the genesis potential index
(Emanuel and Nolan 2004) anomalies can well depict
the observed modulations of cyclogenesis by the EP
MJO, with all contributions from lower-level cyclonic
vorticity, enhanced midlevel relative humidity, and re-
duced vertical wind shear during particular MJO phases.
On the other hand, much as in the WP, a majority of the
more predictable TCs (~78%) over the EP tend to be
formed over regions of positive 850-hPa relative vor-
ticity anomalies associated with the EP EWs (Fig. 10).
Over the NA, however, the leading QBW mode as-
sociated with the West Africa monsoon does not have
strong modulations on those more predictable local TC
geneses shown in Fig. 5a, even over the eastern NA
(figure not shown). Since it has been previously reported
that TC activity over the Gulf of Mexico and Caribbean
Seas can also be modulated by large-scale circula-
tions associated with the EP MJO (e.g., Maloney and
Hartmann 2000b; Barrett and Leslie 2009), the cyclo-
genesis of these TCs over the Caribbean Seas during
different EP MJO phases is also examined in Fig. 9a
(green TC marks). While only a very limited number of
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more predictable TCs are identified over the Caribbean
Sea during the 11 years, association of their geneses with
the EP MJO phases is not clearly established. Addi-
tionally, lack of more predictable TCs over the Gulf of
Mexico as shown in Fig. 5 may also indicate a weak
impact of the EP MJO on cyclogenesis predictability
over this region.

Locations of the more predictable TCs over the NA
during different phases of local EWs are also examined.
While these more predictable TCs, particularly over the
eastern NA, are largely collocated with cyclonic vortic-
ity of the EWs (figure not shown), the generally limited
numbers of more predictable TCs over the NA indicate
less predictability of cyclogenesis over the NA.

The above analyses suggest that higher cyclogenesis
predictive skill for those selected TCs based on the
GFDL coupled prediction system could be the result of
strong dynamic or thermodynamic forcing associated
with the MJO and CCEWs, particularly over the WP
and EP. To further illustrate the important role of the
MJO on cyclogenesis prediction, predictive skill over
the tropical regions of the WP and EP during strong
(amplitude of leading PCs > 1) and enhanced local
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FIG. 9. As in Fig. 7, but for locations of more predictable TCs with local MJO phases over the EP. Genesis of
more predictable TCs over NA during different EP MJO phases is also plotted in (a)-(d) using green. MJO
phases shown here are defined based on PCs of the two leading EEOF modes of 10-70-day filtered rainfall over

the EP for 2003-13 summers.

MIJO periods (phases 4-6 for the WP and 3-5 for the
EP) and suppressed or weak MJO phases is further
examined (Fig. 11). Persistently higher (lower) cyclo-
genesis predictive skill is clearly seen during strong
enhanced (weak or suppressed) MJO phases over the
tropical WP and EP up to forecast lead day 12. Pre-
dictive skill of about 50% is evident on forecast lead
day 5 for TCs formed during the enhanced strong MJO
periods versus 20% during weak or suppressed MJO
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phases. The convergence of genesis prediction skill at
long lead times shown in Fig. 11 may suggest lack of
predictability beyond two weeks.

d. Large-scale predictability and cyclogenesis
prediction skill

Since cyclogenesis predictive skill in this study is
defined by agreement among ensemble members in
making correct forecasts, it is thus closely linked to
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FIG. 10. As in Fig. 8, but for locations of more predictable TCs during the evolution of the EWs over the EP. EW
phases shown here are defined based on PCs of the two leading EEOF modes of 2-8-day filtered 850-hPa vorticity

over the EP for 2003-13 summers.

predictability of large-scale patterns in this model.
Therefore, we further explored predictability of three
large-scale variables which are widely recognized as
important factors in regulating cyclogenesis (e.g., Emanuel
and Nolan 2004), including 850-hPa relative vorticity,
vertical shear of u wind between 200 and 850 hPa, and
500-hPa specific humidity.’ Predictability of each var-
iable on a particular grid is defined as an averaged
correlation of temporal series from 330 forecasts ini-
tialized on six days of each month between each
available pair of ensemble members from the 12 total
members and calculated as a function of forecast lead
days. With a special interest on the intraseasonal pre-
dictability of cyclogenesis, Fig. 12 illustrates predict-
ability of the three variables for hindcasts during week
2 (days 8-14). Regions with higher predictability of
all these variables are largely confined in the tropics.
Particularly noteworthy is higher predictability in
850-hPa relative vorticity over the Indian Ocean, the

3 Since only the specific humidity field at 500 hPa was archived
from hindcasts, 500-hPa specific humidity is used instead of that at
600 hPa, which has been more commonly used to represent lower-
to-middle tropospheric moisture in previous studies.
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northern WP, the EP warm pool, and a slightly slanted
belt over the tropical NA, exhibiting a great resem-
blance to cyclogenesis locations for the more predict-
able TCs in Fig. 5a.° Generally weaker predictability of
these large-scale variables over the NA is also consis-
tent with weaker cyclogenesis predictive skill over this
region. Meanwhile, very low predictability of all these
three variables is found over the Gulf of Mexico and
to the north of the Bahamas, in agreement with rather
limited cyclogenesis skill over these regions as shown
in Fig. 5a. Note that spatial patterns of these three
large-scale factors, particularly the 850-hPa relative
vorticity, are largely in accord with active regions of the
MIJO and CCEWs. Therefore, results shown in Fig. 12
largely support the notion widely recognized in the
community that the MJO and CCEWs play a critical
role to serve as a primary predictability source for in-
traseasonal prediction of extreme weather events (e.g.,
Waliser 2006; National Academies of Sciences 2016;
Vitart et al. 2017), such as TC activity as explored in
this study.

%Note that cyclogenesis is favored away from the equator to
facilitate rotation by the Coriolis force.
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FIG. 11. Cyclogenesis predictive skill averaged for all TCs in the
tropical WP and EP from 2003 to 2013 as a function of forecast lead
time (black) and for TCs that formed during local active (phases
4-6 for the WP and 3-5 for the EP) strong MJO periods (red) and
weak or suppressed MJO periods (green). Definitions of tropical
WP and EP can be found in the Fig. 3 caption.

4. Summary and discussion

Recent advances in modeling and forecasting the
Madden-Julian oscillation (MJO) and implementa-
tion of high-resolution grids in global models make
it possible to explicitly resolve tropical cyclone (TC)
activity and its interaction with the MJO, justifying
dynamical TC predictions beyond the weather time
scale. Motivated by increasing demand in the com-
munity for intraseasonal predictions of weather ex-
tremes, intraseasonal predictability of cyclogenesis
is investigated in this study based on a recently up-
dated coupled model system at NOAA’s GFDL.
This study extends a previous study by Xiang et al.
(2015a), which focused on two severe hurricane/
typhoon events, Sandy (2012) and Haiyan (2013), by
analyzing about 600 tropical storms over global oceans
during 11 summer seasons.

While this coupled model system is able to reason-
ably represent the climatological TC genesis proba-
bility distribution, genesis prediction skill averaged
over all these about 600 TCs is rather limited com-
pared to that for Sandy and Haiyan with a very high
false alarm rate. In agreement with several previous
studies, slightly higher predictive skill is found over the
WP and EP than over the NA. It is illustrated that TCs
with relatively higher genesis predictive skill are
largely formed over tropical oceans where the MJO
and convectively coupled equatorial waves (CCEWs)
are active. Meanwhile, genesis locations of these more
predictable TCs tend to be strongly phase-locked to
the convectively active region of the MJO as well as
regions of low-level cyclonic vorticity associated with
the tropical depression-type waves (TDWs) or easterly
waves (EWs), particularly over the WP and EP. Higher
cyclogenesis prediction skill in general is found for
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TCs that formed during the strong enhanced periods of
the MJO than those during weak or suppressed MJO
periods. All these results confirm the previous notion
that the MJO and tropical synoptic waves play a crit-
ical role for intraseasonal TC forecasts by serving as
important predictability sources.

It is further illustrated that cyclogenesis prediction
skill in the GFDL coupled model is closely associated
with model predictability of large-scale patterns. Par-
ticularly over the NA, higher predictability of low-level
relative vorticity, midlevel humidity, and vertical shear
of zonal wind is found along a slightly slanted belt from
the West Africa coast to the Caribbean Sea, in accord
with more predictable cyclogenesis over this region. In
contrast, rather limited predictability of these large-
scale variables over the Gulf of Mexico and north of
Bahamas is also consistent with poor cyclogenesis pre-
dictive skill in these areas. The weak influences from
tropical climate regimes could partially explain lower
predictability of large-scale variables over the NA, as
also indicated by recent analyses of hindcasts from the
NOAA GEFS (Wang et al. 2018).

One of the main objectives of this study is to com-
prehensively assess predictive skill of tropical cyclo-
genesis in a recently developed coupled model system,
and thus to explore the potential for intraseasonal dy-
namical prediction of TC genesis. While we illustrate
that relatively skillful TC genesis in this model is closely
associated with large-scale forcing by the MJO and
synoptic waves, detailed physical processes responsible
for model TC genesis remain unclear and warrant fur-
ther detailed investigations. For example, what are the
key large-scale factors of the MJO and CCEWs that play
critical roles in modulating TC genesis? Although many
models exhibit skillful predictions of the MJO (34 weeks)
as measured by the Wheeler—-Hendon index, intraseasonal
prediction of critical physical processes associated with
the MJO for TC genesis, such as the low-level vorticity
and midlevel moisture fields, could still be very challeng-
ing. This may explain the significant gap between the
prediction skill for the MJO and tropical cyclogenesis. On
the other hand, only TDWs and EWs are examined in this
study to explore impacts of tropical synoptic waves on TC
genesis predictive skill. The role of other CCEWs, in-
cluding equatorial Rossby, mixed Rossby—gravity, and
inertia—gravity waves, with regard to model TC genesis
needs to be further characterized. While predictability of
the MJO has been widely explored in the community,
studies on intraseasonal predictability of these CCEWs
remain limited.

Moreover, the initial condition of this prediction system
is generated by a simple nudging method rather than by
an assimilation approach as in operational prediction



1 Aucust 2018

a) 850hPa vorticity

JIANG ET AL.

6223

45N
3

=2
\NJ

[
0.4 0.5 0.6

\
0.7 0.8 0.9

FI1G. 12. Predictability of large-scale factors, including (a) 850-hPa vorticity, (b) 200-850-hPa
vertical u-wind shear, and (c) 500-hPa specific humidity, estimated based on consistency
(correlations) among 12 ensemble member forecasts during boreal summer (June-November).
See text for details in deriving these predictability patterns.

systems. Also, hindcast ensemble members in this study
are constructed by applying slightly time-lagged initial
conditions rather than by perturbing initial conditions
with realistic uncertainties in the initial condition and
model physics. How initial conditions and ensemble
schemes affect intraseasonal predictability of the TC
genesis will need to be examined in a future study, for
example, based on hindcasts from the ECWMF-IFS
and the Next Generation Global Prediction System
(NGGPS) that is currently under development.
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